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Abstract
Oxygen precipitation in silicon has been associated with a weak room temperature sub-bandgap
luminescence emission at around 1600 nm. We show that the additional presence of iron
impurities enhances this emission by an order of magnitude and results in a red shift of the peak
luminescence by approximately 45 nm. We not only observe an increase in the luminescence
emission with iron contamination level but also with the density and size of the oxide
precipitates. Moreover, we provide evidence that the sub-bandgap luminescence emission
increases proportionally with the concentration of iron segregated to oxide precipitates after high
temperature (>700 °C) annealing and thus allows evaluation of the gettering efﬁciency of
oxygen-containing precipitates. Annealing of iron-contaminated samples at low temperatures
(550 °C) results in a considerable reduction in the interstitial iron concentration without changing
the sub-bandgap luminescence, indicating that the sink to which iron diffuses depends upon
temperature.
Keywords: silicon, luminescence, photovoltaics, oxygen, gettering
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
Iron is known to be one of the most troublesome con-
taminants in silicon due to its capability to form minority
carrier lifetime reducing defects [1, 2]. Complete elimination
of iron from silicon device manufacturing is challenging. As
iron is a very common element in nature, it is found in lower
purity silicon feedstock and can enter silicon during crystal
growth and subsequent device processing. Consequently,
methods have been developed to remove iron from active
device regions. In microelectronics, internal gettering by
oxygen-containing precipitates is used to form defect-free
near-surface regions for device manufacturing [3]. In solar
cells—where the active device region is the whole bulk—this
approach is counterproductive, since oxygen-containing pre-
cipitates [4–7] and, to an even greater extent metal-decorated
oxygen-containing precipitates [6, 8, 9], are efﬁcient recom-
bination centres. Consequently, an extensive understanding of
the interaction of oxide precipitates with metal impurities is of
utmost relevance to microelectronics and photovoltaics.
Even though this topic has been studied for many dec-
ades not all physical aspects of the interaction between oxy-
gen-containing precipitates and mobile metal contaminants
are completely understood. In our previous work, we showed
that strained oxide precipitates give rise to a broad room
temperature luminescence peak centred at ∼1600 nm
increasing in intensity with the density of strained precipitates
[10]. Such an emission has also been associated with oxide
precipitates previously [11–16]. We also found that
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dislocations and stacking faults around the oxide precipitates
suppress this luminescence by introducing competitive non-
radiative recombination centres [10]. By studying the impact
of impurity decoration of oxide precipitates on the minority
carrier lifetime, we found a clear relationship between the
recombination rate and the concentration of iron segregated to
the precipitates [6, 8]. Moreover we extracted the same set of
recombination parameters for samples intentionally con-
taminated [6, 8, 9], and not intentionally contaminated by iron
[5] suggesting that impurities are responsible for at least some
of the recombination activity of oxygen-containing pre-
cipitates and that only very small quantities are required for
substantial detrimental effects. In this work, we investigate
the impact of iron contamination on the room temperature
luminescence emission of p-type Czochralski silicon (Cz–Si)
containing oxide precipitates of different sizes.
2. Experimental methods
Samples were cut from ∼670 μm thick high-purity Cz–Si
wafers with a diameter of 150 mm. The samples are boron
doped with a concentration of (1.3±0.2)×1015 cm−3 and
have an initial oxygen concentration (DIN50438/I) of
(7.7±0.2)×1017 cm−3. The carbon content was below the
FTIR detection limit of 5×1015 cm−3. Wafers were sub-
jected to a four-stage precipitation treatment as described in
[4] to create different densities and sizes of oxide precipitates.
The treatment yielded a matrix of samples with widely dif-
ferent properties, as published in [10]. In the current paper we
consider samples which have undergone an 8 h nucleation
treatment and growth treatments of 0.5 h (blue), 8 h (green)
and 16 h (red), respectively. The properties of the precipitates
in these samples have been previously characterised by che-
mical etching and transmission electron microscopy (TEM),
with results presented by other authors in [17, 18]. The pre-
cipitates in our 0.5 h growth samples were unobservable by
TEM, and optical microscopy of etched samples gave a
density of around 8×107 cm−3. Our samples with the 8 h
growth treatment were found to be single platelet precipitates,
with particles found in TEM having a typical diameter of
50–60 nm, with some larger particles of diameter up to
120 nm observed. Optical microscopy of the 8 h growth
samples revealed small lens-like pits on the cleaved surface
with a density of 7×108 cm−3, and the density from TEM
was consistent with this. For the 16 h growth samples, optical
microscopy revealed a density of around a density of
1×109 cm−3 with lens-like etch pits larger than in the 8 h
growth case with evidence for stacking faults around the
precipitates. TEM on the 16 h growth samples revealed both
linear precipitate-dislocation conglomerates and mixed lin-
ear/global precipitate-dislocation conglomerates. The mixed
precipitate-dislocation conglomerates contain several platelet
precipitates, large dislocation loops and some small defects
that may be secondary precipitates. The platelet diameter is
typically 180–200 nm while the overall size of the con-
glomerate is 3–3.5 μm. As published in [10], all samples’ PL
spectra show the characteristic band-to-band emission at
1100–1350 nm, as well as an additional broad sub-bandgap
emission between 1400 and 1700 nm varying with the pre-
cipitation treatments.
Great care was taken to avoid impurity contamination
during the processing to create the oxide precipitates. The
bulk iron concentration of these samples before any inten-
tional contamination was measured by photodissociation of
iron boron pairs [19, 20] to be below 4×1011 cm−3. The
method and calculation we use to determine the interstitial
iron concentration is described in detail in our previous
publication [4]. The method involves subjecting the sample to
intense ﬂashes of illumination at room temperature to dis-
sociate the FeB pairs. On the assumption that the lifetime
changes are only due to FeB pair dissociation then the change
in lifetime is related to concentration of interstitial iron by
Shockley–Read–Hall statistics as detailed in our previous
paper [4]. To study the impact of iron, intentional iron con-
tamination was achieved for speciﬁc samples by rubbing the
back-sides of (5×5) cm2 samples with iron pieces (99.95%
purity from Testbourne Limited, UK). Samples were then
annealed in air in a pre-heated furnace at temperatures up to
775 °C for times chosen to ensure complete iron diffusion
through the sample. Cooling was rapid, with the samples
removed from the furnace at temperature and placed on a heat
sink. It is estimated that rapidly cooled samples were cooled
to below ∼100 °C in <10 s to minimise iron precipitation. In
oxide precipitate-free samples, an iron solubility of
Fe 1.3 10 exp
kTi max
21 1.8 eV= ´ -( )[ ] cm−3 was found, where
T is the absolute contamination temperature [21, 22]. All
Figure 1. Spectrally resolved sub-bandgap PL measured in Cz–Si
with an oxide precipitate density of 2.4±1×109 cm−3. Iron
contamination results in a signiﬁcant increase in PL and a shift to
longer wavelength by ∼45 nm. A prolonged 550 °C anneal neither
effects the spectral distribution nor the intensity of the luminescence
to a nominal extend. The smaller peak intensity for the annealed
sample is a consequence of the slightly lower contamination
temperature.
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samples were subjected to an HF dip, an RCA clean, and SiNx
surface passivation using remote plasma enhanced chemical
vapour deposition. The passivation scheme used has pre-
viously been shown to give a surface recombination velocity
below 10 cm s−1 [23]. Passivation involved the samples being
at 400 °C for ∼10 min, and although SiNx ﬁlms have been
found to getter iron impurities from the bulk [24] only
minimal gettering is expected for this temperature and time.
Photoluminescence (PL) emission is detected using the
set-up described in [10, 25] which uses an indium gallium
arsenide (InGaAs) complementary metal-oxide semi-
conductor focal plane array as detector. Broadband sub-
bandgap luminescence is measured with an optical 1450 nm
long pass ﬁlter. For all wavelength-dependent measurements,
we use optical band-pass ﬁlters with central wavelengths
ranging from 1115 to 1690 nm and having a maximum
bandwidth of 25–30 nm. All values reported are area-aver-
aged over ∼(4×4) cm2. For carrier excitation, we use a high
power laser diode with a central wavelength of 805 nm con-
nected to a micro lens beam homogeniser resulting in a min-
max intensity variation of 10% across the sample area.
3. Results and discussion
Figure 1 shows the sub-bandgap PL signal at an excess carrier
density of Δn=4×1014 cm−3 as a function of wavelength
for three samples with the same oxide precipitate density of
(2.4±1)×109 cm−3 (arising from 8 h nucleation and 8 h
growth times) subjected to different processes. One sample
had not been subjected to a contamination anneal (green
squares), and the two other samples have been contaminated
with iron with one (blue circles) also subjected to an extended
anneal (70 h) at a lower temperature (550 °C). The most
signiﬁcant result is that sub-bandgap luminescence increases
by approximately one order of magnitude after the intentional
iron contamination. The PL increase is accompanied by a
peak shift from 1570 to 1615 nm and the appearance of a less
pronounced side peak at 1510 nm. By photodissociation of
FeB pairs [19], we determine an interstitial iron concentration
of 4.6 ×1010 cm−3 for the sample which had not been
intentionally contaminated, and respective interstitial iron
concentrations of 8.7×1011 cm−3 (red triangles) and
<1010 cm−3 (blue circles) for the samples contaminated with
and without the low temperature subsequent anneal. The fact
that the luminescence is at a similarly high level in both the
red and blue datasets in ﬁgure 1 despite the large different in
interstitial iron concentration shows that the interstitial iron
itself is not responsible for the increased sub-bandgap lumi-
nescence. It seems likely that the iron impurities at the oxide
precipitates and surrounding defects are responsible for the
enhanced luminescence and it is noted that the interstitial iron
measurement technique is not sensitive to the detection of
such iron.
In [10], we proposed a possible model for the sub-
bandgap PL in terms of defect energy levels relating to oxide
precipitates and surrounding defects in samples not inten-
tionally contaminated with impurities. As we have since
shown the same energy levels exist in iron-contaminated
samples [6, 8, 9], the sub-bandgap PL emission shown in
ﬁgure 1 for contaminated samples is consistent with the same
model proposed previously. Small shifts in sub-bandgap PL
observed are likely due to small changes in the local structure
of the iron impurities at the precipitates, as well as the pre-
cipitates themselves, but it is not possible to determine such
differences accurately in a room temperature PL study.
For a more detailed study on the interaction of oxide
precipitates and iron, we ﬁrst measure the PL emission as a
function of the optically excited excess carrier density (Δn).
The corresponding excess carrier density is determined from
the photoconductance of the sample measured simultaneously
using a Sinton Instruments WCT-120 system integrated into
the PL setup [26, 27]. As shown exemplarily in ﬁgure 2, in
oxide precipitate containing samples the sub-bandgap PL
increases strongly with the excess carrier density. Conse-
quently, we have to ensure constant excess carrier conditions
if we want to compare the sub-bandgap luminescence inten-
sity. As the recombination strength of competing recombi-
nation channels varies from sample to sample (carrier
lifetimes vary by approximately two orders of magnitude), the
excitation power was tuned for each sample. For samples with
a larger number of recombination channels, the laser power
was increased, while for samples with lower competing
recombination activity the laser power was reduced. Thus, for
all measurements presented in this paper, we adjust the laser
power, and hence the photogeneration rate, to obtain the same
average excess carrier density of n 10 cmav 14 3D » - as mea-
sured with the integrated photoconductance measurement
stage. This required photon ﬂuxes in the range
1.8×1016–3.4×1018 cm−2 s−1. Furthermore, the speciﬁc
charge carrier density was carefully chosen to prevent chan-
ges in the free (unprecipitated) iron Fei( ) concentration from
affecting the measurement results. Such changes may occur
Figure 2. Typical relationship between the broadband room
temperature sub-bandgap luminescence and the excess carrier
density generated by optical excitation. Linear and quadratic ﬁts are
shown, with a better ﬁt demonstrated in the quadratic case.
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since iron-boron pairs (FeB) tend to dissociate under illumi-
nation. However, at an excess carrier density of
n 10 cmav 14 3D » - the lifetime versus excess carrier density
curves related to recombination at FeB and Fei intersect [28]
and consequently the carrier lifetime does not depend on the
percentage of FeB pairs dissociated.
In general, the variation of PL signal with excess electron
density is related to the number of carriers involved in the
signal generation. If only an electron is required to generate
the PL signal then a linear dependence is expected, whereas if
both an electron and hole are required a quadratic dependence
will result (as in the case of band-to-band emission [29]).
Within the measurement uncertainties, the dependence of sub-
bandgap PL signal on excess carrier density shown in ﬁgure 2
can be described by either a linear or quadratic equation.
However, the coefﬁcient of determination is closer to 1 for the
quadratic ﬁt suggesting a quadratic dependence of the PL
signal onΔn. This suggests that the origin of the sub-bandgap
PL could be due to a bimolecular process involving electrons
and holes. This would be consistent with our previously
proposed model [10] involving two defect bands within the
bandgap, with one having a relatively large hole capture
cross-section and the other having a relatively large electron
capture cross-section.
The results in ﬁgure 3 show the application of such
measurements to samples subjected to the same precipitate
nucleation treatment but different growth times. The rela-
tionship between growth time and precipitate size is compli-
cated by the morphological transformation which is known to
occur for oxide precipitate growth in silicon [17, 30]. Pre-
cipitates are initially unstrained (and do not give rise to a sub
bandgap PL signal [10]) and with increasing growth time
gradually convert into strained precipitates which give rise to
sub bandgap PL and these then grow in size with further
annealing. Our previous work has shown the density for 8 h
nucleation to have reach its maximum value after 8 h of
growth time [4]. Thus the key difference between the 8 h
growth (green) and 16 h growth (red) data in ﬁgure 3 is that
the precipitates are larger in the latter. For each growth time
the broadband sub-bandgap luminescence also increases with
interstitial iron concentration, but, as already shown in
ﬁgure 1, interstitial iron is not the cause for the increased
luminescence. The origin of the increased luminescence is the
increased concentration of iron in the vicinity of the oxide
precipitates.
In ﬁgure 4(a) we show the broadband sub-bandgap PL as
a function of the amount of iron segregated to oxygen pre-
cipitates. The segregated iron concentration Fei seg[ ] is calcu-
lated from the iron solubility limit of Murphy and Falster
[21, 22] and the free interstitial iron concentration according
to Fe Fe Fe ,i seg i max i= -[ ] [ ] [ ] where Fei[ ] is the interstitial
iron concentration measured in a given sample. Figure 4(a)
shows a nearly proportional increase in the sub-bandgap
luminescence with the segregated iron concentration. These
results suggest that the sub-bandgap PL mechanism is
Figure 3. Broadband sub-bandgap luminescence as a function of the
interstitial iron concentration for samples with different oxide
precipitate growth times and hence precipitate sizes.
Figure 4. (a) Broadband sub-bandgap luminescence as a function of
the iron concentration segregated to oxygen precipitates. (b) Impact
of prolonged 550 °C anneal on broadband sub-bandgap lumines-
cence and interstitial iron concentration.
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enhanced by the simultaneous presence of iron and oxygen-
containing precipitates. This is similar to our previous lifetime
studies in which we extracted the same set of recombination
parameters for samples intentionally contaminated [8] and not
intentionally contaminated with iron [5], with only the state
density required as a ﬁtting parameter. This explanation is
consistent with the data shown in ﬁgure 3 as larger pre-
cipitates are able to capture larger concentrations of iron
impurities.
Figure 4(b) shows the broadband sub-bandgap lumines-
cence signal as a function of the interstitial iron concentration
deﬁned by varying the contamination temperature for a ﬁxed
density and size of oxide precipitates. One sample was
annealed for 72 h at a temperature of 550 °C as used for
internal gettering in multi-crystalline silicon [31, 32]. This
prolonged annealing step results in considerable reduction in
the free interstitial iron concentration to below the detection
limit of the photodissociation approach of approximately
1010 cm−3. Surprisingly, as also shown in ﬁgure 1, the sub-
bandgap luminescence intensity is not affected. From this we
conclude that during the lower temperature annealing step,
iron atoms may segregate to different sites, form iron pre-
cipitates in the bulk or exist in a different state in the vicinity
of the oxide precipitates than at higher temperatures. Alter-
natively, given the long duration of the 550 °C anneal (72 h),
it is kinetically possible for the interstitial iron to have been
gettered preferentially to the free surfaces of the sample [22].
One difference of this prolonged annealing step compared to
the iron contamination approach is the temperature.
4. Conclusions
In summary, we have studied room temperature sub-bandgap
PL in single crystal silicon processed thermally to contain
oxide precipitates. We ﬁnd the well-known PL signal at
around 1600 nm to be strongly enhanced by contamination of
the samples with iron. Moreover, our investigations revealed
a correlation between the PL emission intensity and the
concentration of iron segregated to oxide precipitates. This
provides a potential method to quantify impurity gettering by
oxide precipitates in silicon at temperatures above 600 °C.
Although the enhancement of the emission is only by
approximately one order of magnitude, it is well controlled
and occurs at room temperature, and thus it could ﬁnd a future
use as an optical emitter in silicon-based photonic devices for
optoelectronic applications.
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